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ABSTRACT

Author: Liao, Hangjie. PhD
Institution: Purdue University
Degree Received: May 2018
Title: Flash X-ray Tomography of Kolsky Bar Experiments.
Major Professor: Weinong Chen
Kolsky bar is commonly used to characterize materials at high strain rates from 102 to 104/s. Insitu visualization of specimen fracture process is vital to understand its dynamic mechanical
behaviors. In this dissertation, compression Kolsky bar is combined with a high speed
multichannel flash X-ray tomography methodology to capture snapshots of the dynamic in-situ 3D
specimen volume information to visualize the dynamic damage and fracture process. This method
is capable to produce sub-millimeter-resolution tomography reconstructions of dynamic fracture
process from very limited number (4 in this research) of projections. This method enables a precise
and repeatable control over the loading history of the specimen and the flash X-ray projection time,
thus a correlation between the stress-strain/force-displacement response and the reconstructed
volume can be clearly defined. The 4-channel flash X-ray setup is built for low geometric
unsharpness (0.15 mm) to improve reconstruction resolution by placing intraoral size phosphor
storage plate detectors close to the specimen without interference from unnecessary exposures.

For each 2D projection, raw image scanned from detector was aligned according to the positions
of the Kolsky bars in the projection via edge detection. Dark current was measured for each
experiment and imposed to the reconstruction log input. The log inputs with and without the
normalization to the un-deformed state were used. To reduce number of artifacts, Algebraic
Reconstruction Technique was used to iteratively update the reconstruction. Three different static
phantoms were imaged and reconstructed, where the result shows the image processing inputs are
correct and the relative locations of X-ray beams, specimen and phosphor storage plate (PSP)
detectors are within the tolerance. Three sets of preliminary Kolsky bar experiments were
conducted, where the results indicate that a good tomography reconstruction requires a sufficient
feature-signal-to-noise ratio in the 2D projection and a small number of cracks inside the specimen
for reduced number of artifacts.

xii
Applying this technique, dynamic spheroconical indentation experiments on two types of
machinable ceramics (Macor and Mykroy/Mycalex 550) and uniaxial compression on 3D printed
sandstone around 100/s were conducted. For indentation experiments, the post-peak-force
reconstructions show that the Macor specimen fractures due to two major cracks - one parallel and
the other one oblique to the loading direction, while the M/M specimen breaks due to only one
major crack parallel to the loading. Such finding matches with the cross-sectional microstructure
images, where the particle is randomized distributed in Macor, while the particle is highly
directional in M/M. For 3D printed sandstone, it is found that the adhesive infiltrant coated layer
apparently affects its mechanical behaviors: the specimen with higher percentage of coated region
has higher strength. Under ~100/s loading, the 3D printed sandstone exhibits a brittle behavior,
and the reconstructions show that the cylindrical specimen fractures due to cracks separating the
side coated layer. Such cracks are initialed near one of specimen-bar interfaces. Under 0.001/s
loading, however, the sandstone exhibits a ductile behavior, and the crack is initialed from the
center of the specimen. Based on the reconstruction results, the limitations and several potential
improvements of the flash X-ray tomography are discussed.
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INTRODUCTION

1.1

Background

Understanding material behaviors at elevated strain rates is essential when designing and analyzing
structures in dynamic or impact applications. Many materials have been found to be rate-sensitive
[2,3], where the quasi-static analysis alone is insufficient to represent their mechanical response.
For example, Poly(methyl methacrylate) or PMMA has been reported its Young’s Modulus
increases from 1.7 GPa subjected to 0.001/s quasi-static loading to 123 GPa subjected to 4300/s
dynamic loading, and it behaves elastic-plastically under quasi-static compression while it
fractures in a brittle way under dynamic compression [18]. To ensure structural integrity and
instrument function properly at dynamic strain rate conditions, accurate material constitutive
models along with material failure behaviors need to be obtained. These material constitutive
models can be obtained via recording average stress-strain information of the specimen at given
loading conditions. And the failure behaviors can be obtained by observing the weak points and
the type of failure (such as tensile failure and shear failure) during the deformation. To accomplish
these two, researchers could combine 1) a robust and repeatable loading device which is capable
to load the specimen at desired dynamic strain rates and records average stress-strain response,
and 2) an in-situ imaging system which has fast enough response time and is able to synchronize
with the loading device.
Chiefly among many experimental techniques, loading frame (e.g. MTS), drop tower, and Kolsky
bar experiments are most common adopted loading devices to test materials depending on the
application. The loading frame, which is powered by hydraulic or electro-mechanical actuators to
load the specimen, is generally used to test within the quasi-static strain rate range (which is usually
defined as 10-4/s to 100/s). The main advantage of loading frame is that the movement of the
actuator can be accurately controlled within certain limits (response time, maximum acceleration
and maximum power). When the desired testing strain rate is in the range of intermediate strain
rates (which is usually defined as 100/s to 102/s), drop tower is commonly used to supply the
loading speed by a free-fall dropping weight impacting the test subject. It is noted that the specimen
strain rate during the impact event of drop tower experiment is decreasing with respect to time,
since the kinetic energy of the drop weight gradually transfers to the strain energy of the specimen.
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In most cases, for the easiness to interpret a set of stress-strain data to a rate-dependent constitutive
model, it is desired for the specimen been deformed under constant strain rate. To compensate this
drawback of drop tower, high speed MTS operated in open-loop mode [2] and long Kolsky bar (or
LSHPB) [19] are used. For experiments in the dynamic strain rate region of 102/s to 104/s,
conventional Kolsky bars (or split Hopkinson bars) are usually used [1,2].

1.2

Kolsky Bar Techniques

Since originally developed by Kolsky [1] in 1949, the Kolsky bar has been modified and improved
by many researchers [2, 3]. Frew [4] attached a copper pulse shaper on front of incident bar to
shape the stress pulse and reduce the high frequency oscillations. Song [2] used a flange attached
on incident bar to stop the movement of the bar system after a pre-defined travel distance to prevent
multiple loadings on the specimen. The Kolsky bar was also extended its application to tension
[5], torsion [6], and tri-axial compression [7] loading conditions. With those modifications and
extensions for the Kolsky bar, the dynamic stress-strain response of the material averaged over the
entire specimen volume can be effectively obtained in a repeatable way.
While there is still no published standard for the Kolsky bar yet, a common design for compressive
Kolsky bar is shown in Figure 1.1.

Figure 1.1 Schematic of compressive Kolsky bar.
As shown in Figure 1.1, a sample is sandwiched by two elastic long bars (incident and transmission
bars). A striker bar is lunched to impact the incident bar to generate a stress wave (called incident
wave), where the pulse shaper is used to eliminate the high frequency oscillations due to metal-
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metal impact and shape the incident wave to a desired shape. This incident wave propagates
through the incident bar to specimen interface and deforms the specimen. At the same time part of
the energy transmits to transmission bar and forms transmission wave 𝜀𝑡 , and another part of the
energy reflects back to incident bar and forms reflected wave 𝜀𝑟 . These three waves can be
recorded by strain gages on both bars and digitized by a high-speed oscilloscope. With 1-D wave
propagation theory and assumption of stress equilibrium between two specimen-bar ends [2], the
averaged specimen strain rate history and stress-strain response can be obtained by Equation 1.11.3:
𝜀̇(𝑡) = 2
𝑡

𝜀(𝑡) = 2 ∫
0

𝜎(𝑡) =

𝑐𝑏 𝜀𝑟 (𝑡)
𝑙𝑠

(1.1)

𝑐𝑏 𝜀𝑟 (𝜏)
𝑑𝜏
𝑙𝑠

(1.2)

𝐸𝑏 𝐴𝑏 𝜀𝑡 (𝑡)
𝐴𝑠

(1.3)

where 𝑐𝑏 is the bar wave speed, 𝑙𝑠 is the specimen length, 𝐸𝑏 is the Young’s modulus of the bar,
𝐴𝑏 is the cross-section area of the bar, and 𝐴𝑠 is the cross-section area of the specimen.

1.3

Imaging Techniques and Computer Tomography

Beyond the averaged stress-strain response, recent advancements in simulation techniques of
constitutive and fracture modeling have led to a desire for more detailed in-situ deformation
information and fracture behavior. High-speed optical cameras [2] have been used to capture 2D
deformation histories of transparent specimens and the surface structure of non-transparent
specimens. Digital image correlation (DIC) techniques [8, 10] were integrated to Kolsky bar to
obtain full-field strain measurements on the specimen surfaces. The conventional DIC is conducted
via spraying speckle patterns onto specimen surface, and using software to track the movement of
individual patterns. However, for non-transparent materials, this requires the assumption that the
material deformation inside the specimen is exactly the same as the deformation on the surface,
since the DIC method can only obtain surface information. Chen [9] used a synchrotron X-ray
source and a high-speed camera with scintillator to image the specimen sub-surface damages
loaded by a Kolsky bar. Due to the configuration of current synchrotrons, the specimen can only
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be visualized in one direction during the dynamic loading. In nondestructive evaluation theory, the
crack inside the specimen is sensitive to X-ray if it is parallel to the X-ray beam direction, but it is
not detectable if it is perpendicular to the X-ray beam [20]. Thus, current high-speed imagining
techniques are focused on the deformation of 2D specimens, where the thickness direction of the
specimen is parallel to the light path (both visible light and X-ray).
However, most of compressive experiments require the specimen to be a 3D shape. For example,
cylindrical specimen is usually used in uniaxial compression experiments to reduce the stress
concentration effect. In such case, a researcher can only get a surface image by using a visible light
high-speed camera, or a projection image from one angle by using synchrotron X-ray, which in
both cases the cracks perpendicular to viewing direction are missed. To overcome this, one need
an imaging system which is able to measure 3D information of the specimen.
Currently, there are two types of techniques that can obtain 3D measurements: 3D-DIC and
computer tomography. Similar to conventional 2D-DIC, 3D-DIC also tracks the movement of
speckle patterns on the specimen surface, but with two cameras from different angles [10].
However, 3D-DIC is still limited to surface features, and it will miss all the subsurface failures.
Computer Tomography (or CT) is widely used in medical and industry applications to generate
cross-sectional images in the radiation direction of a static object. Such cross-sectional images can
then be connected to form a detailed inner 3D volume of the test subject. Conventional CT takes
multiple 2D projections from different angles, via either rotating specimen or X-ray source, as
shown in Figure 1.2. However, the time for this rotation movement takes from few seconds to few
hours to complete. Thus, the conventional CT is not suitable to analysis in-situ Kolsky bar type
impact event, which the loading duration is in the order of milliseconds to hundred microseconds.
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Figure 1.2 Schematic of conventional computer tomography [21].
It is noted that some researchers CT-scanned the deformed specimen or fractured pieces after the
loading for post failure analysis [50, 51]. However, in such cases one has to consider the dynamic
unloading due to the release of impact loading. Furthermore, in some circumstances, the specimen
would fail catastrophically and leaves too many pieces, where it is very difficult to recover and
interpret the debris.

1.4

Flash X-ray Tomography

Utilizing reconstruction algorithms developed for CT [15, 16, 17], a good candidate to obtain the
dynamic in-situ 3D specimen sub-surface information is the multichannel flash X-ray, for its
ability to take instantaneous projections from different angles. A flash X-ray system is usually
used to imaging shock events, the application includes shock physics, bullet penetration events,
and body armor and helmet protections [13]. It emits a pulsed X-ray radiation by high current
discharging of a cold cathode X-ray tube from a large capacitor [22]. The duration of such pulse
is in the order of 10 ns to 1 µs, which is short enough to image the dynamic events in-situ without
the motion blur. Chen [23] used flash X-ray with gas gun to monitor the motion of high-speed
projectile shooting into a granular target in dynamic penetration experiments. Fugelso [24] also
used flash X-ray to image a mockup PBX cylinder striking a steel plate and estimated the density
distribution of the projectile during the impact.
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Traditionally, multichannel flash X-ray was used to take multiple 2D projections at different time
during the same event. By taking 2D projections at the same time from different angles, one can
reconstruct the 2D projections to 3D volume data of the specimen without the rotation movement
mentioned in last section. Meanwhile, the triggering time of the X-ray flash can be precisely
controlled and synchronized with the Kolsky bar strain gage signal, which leads to that the
reconstructed volume information can be tracked in terms of specimen stress-strain.
To author’s knowledge, no 3D in-situ Flash X-ray tomography for Kolsky bar experiments has
been previously conducted yet. However, there are few researches who have conducted to use
multichannel Flash X-ray to do tomography for penetration events. Lin [25] used two orthogonal
flash X-ray sources to imaging the gelatin cavity induced by ballistic penetration, and
approximated the outer surface of the cavity by B-spline elliptic approximation of the edge
detection of the original 2D projections. However, the volume information inside the cavity was
not obtained. Zoltani [11] used 21 flash X-ray heads to image a 16.5-cm-diameter phantom and
reconstruct its cross-section by maximum entropy algorithm, where the resulting spatial resolution
was 2 mm. Recently, Moser [12] used 6 flash X-ray heads (5 in-plane and 1 out-of-plane) to image
ballistic penetration on a 15-by-15 cm ceramic plate and reconstruct by MART algorithm, where
the debris distribution was clearly obtained via a spatial resolution of ~1 mm. As shown in Figure
1.3 for the experimental setup from Zoltani [11], the distance from specimen to X-ray source is
2.1 m and the distance from specimen to detector is 1.68 m. However, in the nondestructive
evaluation applications, it is desired to minimize the distance from specimen to detector for a better
geometric unsharpness [20].
The geometric unsharpness is the image blur induced by finite size of the focal spot of the X-ray
source (comparing to an infinite small point source). The specimen can be exposed by the X-ray
emitted from any point of the focal spot and resulting a penumbra on the imaging plane (as shown
in Figure 1.4). The size of such penumbra 𝑈𝑔 can be written as
𝑈𝑔 =

𝑓𝑏
𝑎

(1.4)

where the f is the size of the X-ray source focal spot, a is the distance from source to specimen,
and b is the distance from specimen to detector. Thus, to reduce the geometric unsharpness for a
given type of X-ray source type, one can 1) increase the source-specimen distance or 2) decrease
the specimen-detector distance. However, increasing the source-specimen distance would reduce
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the X-ray photon density of the image and resulting a higher noise ratio when digitizing the
projection image; and decreasing the specimen-detector distance might lead to the interference
between each channel (which means the detector might be exposed by more than one channel of
X-ray).

Figure 1.3 Multichannel flash X-ray setup from Zoltani et al. [11] showing the distance from
specimen to X-ray source is in the same order of magnitude with the distance from specimen to
detector.

Figure 1.4 Illustration of geometric unsharpness.
The geometric unsharpness of the setup from Zoltani [11] is range from 1.6-4 mm, while the
geometric unsharpness from Moser [12] is about 1 mm. Such geometric unsharpness is probably
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good enough for the penetration specimens in the literatures where the specimen size is about 15
cm, but not suitable for Kolsky-bar-type specimens where the common diameters are in the range
of 1 – 20 mm. On the other hand, the datasets of penetration debris are sparse. The sparse dataset
means that majority of the voxel values are zero in the 3D reconstructed volume, such as the
reconstruction of ballistic penetration fragments distribution [12], where the distance between
nearest neighboring fragments is at least in the same order of fragment size. A counterexample is
the Kolsky bar specimen failure process [2]. The majority of the fractured specimen is still close
to each other (reconstructed volume is dense), where the distance between neighboring fragments
is much smaller than the fragment size. Sparse reconstructions from limited number of projections
were less difficult than dense datasets such as the cracks inside the Kolsky bar specimen.

1.5

Summary

The Kolsky bar technique enables accurate loading and measurement of the specimen response at
dynamic deformation rates. Dynamic in-situ 3D specimen volume information is in critical needs
for dynamic fracture analysis and modeling. Due to the limitations of high deformation speeds,
relatively small specimen sizes and dense datasets, it is difficult for existing methods to obtain
practical in-situ volume images of the specimen.
In this research, the author designed a modified 4-channel flash X-ray system to take 2D
projections from different angles and reconstructed the volume information with iterative
reconstruction method to analyze Kolsky bar specimen fracture process. Two unique features of
the current method are: 1) precise and repeatable control over the loading history of the specimen
and the X-ray projection time, thus a correlation between the stress-strain/force-displacement
response and the reconstructed volume can be clearly defined; and 2) low geometric unsharpness
to improve reconstruction resolution by placing X-ray detectors close to the specimen without
interference from unnecessary exposures.
A limitation of this method is that only one 3D reconstruction is available for each specimen, due
to the fact that each flash X-ray head can only fire once during one measurement; thus real-time
4D volume-time information is not achievable. However, this can be relaxed by deforming
identical specimens under identical conditions and firing X-ray at different specimen deformations.
In the next chapter, a detailed flash X-ray system design, construction and operation procedures
are described. The imaging processing techniques and reconstruction algorithm are also discussed.
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METHODOLOGY

2.1

Concept Design

In this research, four flash X-ray heads are used. As shown in Figure 2.1, all four X-ray beams are
in one plane and are 72-deg to the nearest neighboring beams, the specimen and the loading axis
of the Kolsky bar pass through the conjunction of four X-ray beams. Out-of-plane X-ray beams
are not selected as they would be blocked by the Kolsky bar itself. In this way, the angle between
detector to specimen path and its neighboring X-ray source to specimen path is 36-deg (as shown
in Figure 2.2). As discussed in previous chapter, to minimize the geometric unsharpness of the 2D
projection for a given type of X-ray source, one should 1) place the X-ray head relatively far away
from the specimen but still let enough X-ray photon to expose the specimen, and 2) place the
detector as close as possible but without being double-exposed by non-relevant channels. In the
current experimental setup, the source-to-object distance is 1.02 m and the detector-to-object
distance is 50.8 mm. The focal spot size of the flash X-ray head used in this research is 3 mm. The
resulting geometric unsharpness calculated from equation-1.4 is 0.15 mm.

Figure 2.1 CAD schematic of modified flash X-ray setup.
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Shown in Figure 2.2, a 6.35-mm-thick lead tube is installed behind detectors to block exposures
from other channels. Four rectangular pockets are opened on the lead tube to serve as the aperture
by letting the corresponding X-ray beam pass through. ScanX phosphor storage plates (PSPs) [26]
were selected as the detectors. The size of the rectangular pocket is dependent on the detector size,
where the detector size is dependent on the specimen size. In general, for a smaller size of specimen,
it is possible to use a smaller size of open pocket size and a smaller size of detector, which one can
select a closer detector-to-object distance and outperform a better geometric unsharpness. In this
research, based on the diameter of Kolsky bar of 19.05 mm and availability of the commercial
digitizable X-ray detectors, standard intraoral film size #2 is selected with a width of 31 mm and
a length of 41 mm. Thus, the open pockets are machined to a width of 29.5 mm and a length of 43
mm. It is noted that the width of the pocket is calculated via the similar triangles from the width
of the film and the detector-to-source distance; while the length of the pocket is set to slightly
larger than the length of the film to ensure a full coverage of the desired X-ray exposure.

Figure 2.2 CAD schematic of specimen section in the modified flash X-ray setup.
2.2

Construction of Experimental Setups

The X-ray heads are mounted on two moveable T-slot frames, which are covered by 3.2-mm-thick
lead-lined plywood to protect the operating personnel from excessive radiation exposure. The
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moveable design reduces the difficulty to replace consumable equipment such as X-ray tubes and
connecting cables. Figure 2.3(a) shows a photo of the T-slot frames taken before covering the lead
plywood. The red arrows indicate the approximate location of the four X-ray heads. Figure 2.3(b)
shows a side view photo inside the frame. The right-angle blue-colored blocks are the flash X-ray
heads, and the green line is the indication of a line laser mounted on one of the frames, which was
used to align the location of X-ray heads and the specimen. Since the frame is moveable, the line
laser was also used to quick-align the relative location of the two frames by pointing to an indicator
mounted on the other frame.

Figure 2.3 Photos of modified flash X-ray setup showing (a) front view of the framework to
support the 4 flash X-ray heads, and (b) side view inside the frame with mounted flash X-ray
heads, line laser for alignment and specimen section.
Figure 2.4(a) shows a front-view photo of the specimen section. As aforementioned, a lead tube
with four pocket opening is used to block undesired X-ray radiation. Due to the low stiffness of
lead, where it might deform under its own weight overtime, such lead tube was installed on a halfcircular shaped aluminum support, and the aluminum support is mounted on an adjustable frame
to align the location of the lead tube. Inside the lead tube, a 3D-printed fixture (details shown in
Figure 2.5(a)) is used to hold the X-ray detector assemblies (details shown in Figure 2.6). A dust
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cover which is made of thin printing paper surrounds the specimen to retrieve the debris of
fractured specimen and to reduce dust contamination of X-ray detectors. Due to the thin-thickness
and low-density of the paper, it is transparent for the X-ray used in current research. Figure 2.4(b)
shows a photo taken through the open pocket, where the green line is the light reflection from the
alignment line laser, which indicates the center of X-ray beam and the detector.

Figure 2.4 Photos of specimen section: (a) front view showing the assembly, and (b) side view
passing through the pocket opening of the lead tube.

Figure 2.5 CAD models of (a) the 3D printed fixture inside the lead tube used to hold PSP
assemblies, and (b) the lead tube with four pocket openings.
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Figure 2.5(a) shows the CAD model of the 3D printed fixture to hold detectors in place. The
detector assembly can be tight-fitted into the slots between pocket openings on the outer surface.
The dimensions are carefully adjusted so that the 3D printed fixture would not block any X-ray
beam passed from the openings of the lead tube. Due the angle of 72-deg between each channel,
the maximum number of detectors can be fitted is five. In this research, four out of five detectors
are aligned to the four directions of X-ray beam, and the remaining one is intentionally placed
without being in the path of any X-ray beam. The purpose of the unexposed detector is to measure
the dark current due to non-perfect shielding of the lead tube. Figure 2.5(b) shows the CAD model
of the lead tube which is placed outside the 3D printed fixture with only four openings, which are
aligned with the X-ray beam directions.

Figure 2.6 Phosphor storage plate (PSP) assembly: (a) photo of a standard intraoral size #2
ScanX phosphor storage plate from air techniques [26], (b) planer pattern used to cut the paper
base for the PSP assembly, and (c) cross-section schematic showing each layer of the assembly.
Figure 2.6 shows the phosphor storage plate (PSP) used in this research and the assembly for PSP
protection and easy handling. The thickness of the PSP is about 0.5 mm. For a good imaging
quality and reduce the potential scratches of the PSP plate, it is desired to place the PSP in a closed
environment away from dust, hard objects, and grease from human hand. In this research, the PSP
is sandwiched between a cardboard paper sub-assembly layer on the back and a micro-cell foam
layer on the front (as shown in Figure 2.6(c)). A thin layer of aluminum is placed on top of the
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foam to filter the scattered or cross-scattered low energy X-ray photons and protect detectors from
high-speed debris which penetrates dust cover during the dynamic loading. The cardboard paper
sub-assembly is also used to constrain the lateral movement of the PSP in the directions
perpendicular to X-ray beam. To make such cardboard paper sub-assembly into desired shape: a
first layer of printable cardboard paper is printed into the pattern indicated in Figure 2.6(b); then
it is glued onto a second layer of same paper; after drying, the rectangular slot of 1.25” (31.75mm)
by 1.625” (41.28mm) is cut via razor blade from the glued two layer; the remaining is again glued
onto a third layer of cardboard; and finally the paper sub-assembly (with a width of 1.32”) is cut
via a desktop paper trimmer. The thickness of each individual cardboard layer is ~0.22 mm. The
final assembly is chamfered on edges for the ease to insert into the slot of 3D printed fixture.

Figure 2.7 Schematic of modified Kolsky bar setup for flash X-ray system.
A modified Kolsky compression bar setup was used to load the specimen. As shown in Figure 2.7,
the compression setup consists of a striker bar, an incident bar, a transmission bar and a momentum
trap. All bars shared a common diameter of 19.05 mm and were pre-aligned to a same axis. The
material of all bars is aluminum 7075-T6. The lengths of the striker, incident bar, transmission bar,
and momentum trap are 1.22 m, 10.97 m, 7.32 m, and 3.67 m, respectively. A pulse shaper attached
on impact end of incident bar was used to reduce high frequency oscillations and shape the incident
pulse. A single loading stopper was clamped on incident bar to prevent the specimen from multiple
loading induced by wave reflections inside the incident bar. Three pairs of strain gages were
attached on the bars: a pair on incident bar to record the incident and reflected pulses; a pair on
transmission bar to record the transmission pulse; and a pair on incident bar towards the specimen

15
end to trigger the flash X-ray. A Model 43731A flash X-ray system from L-3 communications was
used in this research. In the system, four 150 kV flash X-ray tubes were installed, which allow
exposure time as short as 70 nanoseconds [13]. It is note that the 150 kV is the nominal voltage of
the tube. The generated X-ray is white beam where the spectrum is a continuous function from
zero to 150 keV. In a measurement, the striker bar is fired by a gas gun to a desired speed. The
striker bar impacts pulse shaper and deforms the pulse shaper to generate an incident wave, which
is recorded by oscilloscope I when propagating along the bar and triggers the oscilloscope II. The
oscilloscope II features a trigger output function. When the voltage was above certain level, it
generated a rectangular pulse to trigger the delay amplifier. After a pre-set delay time, the flash Xray was triggered and fires X-ray beam towards the specimen. The delay was set to the summation
of the intended delay position in the stress-strain and the delay time due to wave propagation from
the triggering strain gage to the bar end, minus the rising time of the incident wave from zero to
the triggering voltage. In this way, one can synchronize the flash X-ray with the Kolsky bar and
correlate the 2D projections and/or 3D reconstructed volume to the specimen stress-strain.

2.3

Operation of the System

As mentioned earlier, it is desired to deform the specimen under a constant strain rate to effectively
delineate rate dependency of the material behavior. During a Kolsky bar experiment, the strain rate
is proportional to the reflected pulse (equation 1.1). To achieve a relatively constant strain rate,
pulse shapers are used to shape the incident pulse for a flat reflected pulse [4]. Several trial-anderrors are iterated to find the best combination of pulse shaper material, diameter, thickness, and
striker speed for a desired strain rate condition. The bar locations and the rigid end of the single
loading stopping mechanism (in Figure 2.7) are adjusted according to the specimen thickness to
ensure the initial position of the specimen is aligned with the center of the X-ray beams (Figure
2.4(b)). The gap between the single loading stopper and the rigid end is adjusted based on striker
length and striking velocity to prevent multiple loadings of the specimen.
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Figure 2.8 Typical raw signals from strain gages on incident bar and transmission bar.
Figure 2.8 shows a typical raw strain gage signals without any filtering. The bi-linear shape pulse
from ~550 µs to ~1050 µs is the rising-edge potion of the incident pulse which was generated by
a pulse shaper; the pulse from ~2050 µs to ~2350 µs in transmission channel is the transmitted
pulse, which shows a sudden drop at ~2350 µs indicating a brittle failure of the specimen; and the
pulse from ~2700 µs to ~3200 µs in incident channel is the rising potion of the reflected pulse,
where the flat potion from ~2700 µs to ~3000 µs indicates the specimen was under a constant rate
deformation before the breakage. The sharp spike at ~2100 µs aligns with the time when flash Xray was fired. It is assumed that this sharp spike is due the electrical-magnetic field induced by the
2 kA discharge current from flash X-ray pulsers to flash X-ray tubes. The duration of such spike
is 13±0.5 µs, and it is consistent across all the experiments. It is noted that this spike is smoothed
out during stress-strain calculation by linear interpolating the data points before and after the spike.
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Figure 2.9 Photos of gas gun remote firing system: (a) wiring of solenoid valves and manual
firing system, and (b) remote control box and CCTV camera views.
Excessive X-ray radiation is harmful to human body. To protect the operating personnel and reduce
the exposure from X-ray radiation, it is desired to keep the personnel as far as possible and/or with
as many as possible protections. In this research, the personnel are not allowed to stand in the lines
where the X-ray heads are pointing to, due to the high instantaneous intensity of the flash X-ray
system. The closest personnel stand obliquely behind a 3.2-mm-thick lead shielding and a ~0.6m-thick concrete wall, with a shortest oblique distance to the X-ray source of about 4 m. The
measured doses at the personnel position is less than 10 µ-rem per shot (by Purdue Radiological
and Environmental Management team). As a comparison, the common standard for radiation
worker annual does limit from Code of Federal Regulations is 5 rem [27]. However, the gas gun
section of the Kolsky bar is exposed to the scattered radiation. In this research, a remote firing
system was built for the gas gun, as shown in Figure 2.9. Operating in parallel to the manual firing
system, three zero crossing relays controls three solenoid valves for the action of firing,
pressurizing the tank, and depressurizing the tank, respectively. The zero-crossing relay reduces
the electric noise during the on-off operation comparing to traditional mechanical relays. A CCTV
camera is used to monitor the pressure in the tank. To avoid firing the striker accidentally, two
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firing buttons were designed on the remote-control box, where both buttons need to be pressed to
fire the striker.

Figure 2.10 A photocopy of nitrogen pressure vs charging voltage of the flash X-ray pulser.
The flash X-ray pulsers are filled with dried nitrogen (or dried air) to operate. Pressure too high
would result in no-fire, while pressure too low would lead to self-fire during the charging process.
The preferred pressure of the nitrogen is linearly related to the charging voltage (as shown in Figure
2.10). In this research, the charging voltage is set to 28 kV for a nearly maximum X-ray intensity
output with a balanced flash X-ray tube life, and the resulting nitrogen pressure is set to 18.3 psi.
To scan the stored 2D images from the PSPs, a ScanX-14 digital imaging system [26] is used to
digitize the projections and reset the PSPs for next-time use. The 2D spatial resolution from such
digitizing system is 0.05 mm/pixel. The ScanX-14 was originally designed for large size PSPs. To
scan intraoral size PSPs, a carboard holder was made to feed the intraoral size PSP into a desired
depth. It is found that to start the scanning process, the intraoral size PSPs need to be feed under
the green indication light position (as shown in Figure 2.11). It is suspected that the ScanX-14 only
has limited number of PSP detectors, and the machine only starts the full-field digitizing after one
of the detector detects the PSP. It is noted that before the first experiment of the day, the PSP
detectors need to reset by passing through the ScanX, since the detectors will be gradually exposed
by environmental radiation over time.
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Figure 2.11 Using ScanX-14 to scan intraoral size PSPs.

2.4

Image Processing Techniques and Typical 2-D Projections

The PSP detector is advertised to outperform traditional film-based detectors for the linearity over
a wide exposure range [26]. In this research, two aluminum step-shaped blocks were machined to
calibrate the sensitometry and linearity of the PSP. As shown in figure 2.12(a), the thickness of
the first block increases from 10 mm to 18 mm with an increment of 2 mm per step. Similarly, the
thickness of second block increases from 2 mm to 10 mm in 5 steps. The color bar on the right
shows the greyscale value of the raw images. In these raw images, lighter areas indicate higher
photon intensity in the detector, which the incoming intensity is less attenuated. By taking the ratio
between averaged greyscale value of each block to the surrounding white background (non-object
exposure value), the penetration ratio (𝐼/𝐼0 ) of the aluminum block for the PSP detector signal is
obtained (as shown in Figure 2.12(b)). It is noted that the 𝐼/𝐼0 is plotted in log scale. For a
specimen with a same type of material, the 𝐼/𝐼0 can be calculated based the material X-ray
attenuation coefficient 𝜇:
𝐼
= 𝑒 −(𝜇𝑥)
𝐼0

(2.1)

where the x is the thickness in the X-ray beam direction. It is noted that the attenuation coefficient
is a variable with respect to X-ray photon energy, and the energy spectrum from flash X-ray output
is a continuous function from 0 to 150 keV [13]. In the sensitometry calibration, the material is the
same across the specimen. Thus, the effective attenuation coefficient is constant, leaving the only

20
variable of thickness. In Figure 2.12(b), it is found that the until a thickness of 14 mm, the PSP
response is very linear. The half-penetration depth is found to be 10.4 mm. By comparing the mass
attenuation coefficient data of aluminum [28], the effective X-ray photon energy is found to be
around 68 keV.

Figure 2.12 Verify the linearity of the PSP detector: (a) 2D images of aluminum calibration
blocks, and (b) detector sensitometry - the greyscale ratio of aluminum block to white
background in detector signal verses the thickness of the aluminum block.
Alignment process of acquired images was needed, since for each measurement the PSPs were
manually inserted to digitizing system which might induce unnecessary rotation and translation.
As shown in Figure 2.13, edge detection was performed firstly for raw image to detect the position
of the bars. Such algorithm was accomplished by Canny method [14] incorporated in MATLAB
image processing toolbox. After the angle of bar axis was corrected to vertical, the center position
of the specimen was obtained by averaging the x & y positions of bars’ boundaries. Based on the
angle, center information and a width & height of intended reconstruction area, the projection was
cropped so that the rotation axis for reconstruction was in the center of the cropped image. The
accuracy of this alignment method is within 1-2 pixels. For some experiments, the cropped
projection during deformation was normalized with respect to its un-deformed state of
corresponding channel based on equation 2.2-a. For the other experiments, direct input was used
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as shown in equation 2.2-b. For some reconstruction algorithms a weight function is required,
which is shown in equation 2.3.

Figure 2.13 Image alignment procedures.
𝑢𝑛𝑑𝑒𝑓𝑜𝑟𝑚

𝑖𝑛𝑝𝑢𝑡 = ln (
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𝑢𝑛𝑑𝑒𝑓𝑜𝑟𝑚

, 𝐸𝑥

(2.2-b)

𝑑𝑒𝑓𝑜𝑟𝑚

, 𝐸𝑥

(2.3)

, and 𝐸𝑑𝑎𝑟𝑘 are the non-object exposure from

undeformed state, non-object exposure during deformation, aligned projection from un-deformed
state, aligned projection during deformation, and dark current exposure, respectively. The nonobject exposure is the grey value in an image that represent the exposure of incoming X-ray beam
without the attenuation of any object, which is equivalent to the mean value of the white area in
the projection. In practice, it was approximated by finding the gray value where it has the

22
maximum counts of the brightest Gaussian peak in the histogram of the projection (Figure 2.13).
The dark current is the grey value that represent the image without main X-ray beam exposure. In
this study, the dark current was calibrated from the 5th channel detector mentioned earlier which
is located not in the path of any X-ray beams (Figure 2.5(a)). The dark current value for each
channel (1-4) is calculated by the average grey value of the 5th channel (𝐸0 (5) ), divided by the sum
of non-object exposure from all four channels (∑4𝑗=1 𝐸0 (𝑗) ), and times the sum of non-object
exposure from other three channels (∑4𝑘=1 𝐸0 (𝑘) − 𝐸0 (𝑖) ):
𝐸𝑑𝑎𝑟𝑘

(𝑖)

=

𝐸0 (5) × (∑4𝑘=1 𝐸0 (𝑘) − 𝐸0 (𝑖) )
∑4𝑗=1 𝐸0 (𝑗)

(2.4)

Figure 2.14 shows a typical set of input and weight images. The projection of undeformed
specimen is processed by a small radius median filter to reduce the noise in the reconstruction. The
log input is the image input directly for tomography reconstruction algorithm. In the input image,
the white area represents the cracked volume where the deformed state has lower density than undeformed state; while the black area represents the expanded volume where the deformed state has
higher density. The weight is an add-on term that marks the importance of each part of the image.
Higher difference between deformed and un-deformed state leads to higher weight, which were
visualized as the white area.

Figure 2.14 A typical set of log input and weight images.
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2.5

Tomography Reconstruction Technique

Due to the limited number of projections, it is desired to use iterative reconstruction algorithms as
comparing to traditional filtered back projection method [30, 31]. The algebraic reconstruction
technique (ART) [29] is used in this research. The ART method is implemented by sequentially
updating reconstructed volume by comparing the real projections to the virtual projections
projected from the reconstructed volume. This method is incorporated within tomoj plug-in of the
ImageJ software [15], which can be expressed in Equation 2.5-2.8.
𝜌𝑗𝑞+1 = 𝜌𝑗𝑞 + ∑ 𝜆 𝑤𝑖,𝑗
𝑖

𝑅𝑖 − 𝑅𝑖𝑞
𝑁𝑖

𝑁𝑖 = ∑ 𝑤𝑖,𝑗 2

(2.5)

(2.6)

𝑗

𝑅𝑖𝑞 = ∑ 𝑤𝑖,𝑗 𝜌𝑗𝑞

(2.7)

𝑗

𝜌𝑗0 =

∑𝑖 𝑅𝑖
𝑛

(2.8)

where 𝜌𝑗𝑞 is the X-ray density of a reconstructed voxel j at q-th iteration, 𝜌𝑗0 is the initial guess and
the starting point of the reconstruction, 𝑤𝑖,𝑗 is the weight between projection pixel i and voxel j,
𝑅𝑖 is the real projection obtained from the experiment, 𝑅𝑖𝑞 is the q-th iteration virtual projection
projected from 𝜌𝑗𝑞 , n is the total number of voxels, and 𝜆 is a relaxation parameter to reduce the
noise.
To start the algorithm, equation 2.8 gives an initial guess for the reconstruction volume, where
each voxel is assigned to the average value from the sum of projection pixel values. Then each
voxel value is updated based on equation 2.5 for each iteration. It is noted that the weight matrix
𝑤𝑖,𝑗 represent the relationship between each voxel in the reconstructed volume and each pixel in
projections. Such weight matrix is sparse, and the size of such weight matrix is very large. For
example, the matrix 𝑤𝑖,𝑗 for a 3D 2003 volume projects to four 2002 planes has about 1.28*1012
elements, which might take ~10 TB storage space for double precision. Thus, it is not
computational practical to pre-calculate and store such matrix and perform linear algebra
calculation to update the volume at once for each iteration. Instead, it is desirable to calculate the
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weight when needed, which means the weight is calculated for each voxel-pixel pair for each single
update. Such process involves multilevel computational loops. Currently this process is typically
programed in C/C++, especially for 3D reconstructions.

Figure 2.15 Simulated ART reconstruction of planar ART reconstruction of a simulated phantom
containing three different ellipses: (a) original image, (b) a projection at 90-deg, and (c)
reconstructed image after 10 iterations.
To illustrate the reconstruction process, two trial reconstructions were conducted by simulating
reconstruction of a 2D image from few 1D projections. A first trial 2D planar phantom (60-by-60
pixel) was simulated as shown in Figure 2.15(a). The simulated phantom contains three ellipses
with different geometries and densities (in the range of 0-1, as shown in the color bar next to the
image). Figure 2.15(b) shows a projection image (in terms of attenuation) from 90-deg to y-axis,
where high attenuation indicates higher value in the material density line integral of the X-ray
beam path. The weight 𝑤𝑖,𝑗 is calculated based on linear interpolation of nearest voxel values to
the line integration points. Eight 1D projections were generated by linear interpolation forward
model from 0-deg to 157.5-deg with an increment of 22.5-deg. A MATLAB program for 2D
reconstruction is made based on Equation 2.5-2.8. The eight projections were imported into the
made program with relaxation factor 𝜆 = 0.55 and iterated 10 iterations. Figure 2.15(c) shows the
reconstructed image. The approximate density and general shape and locations of the ellipses are
well reconstructed.
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A second phantom of 48-by-48 pixel greyscale Purdue logo is made with photoshop, as shown in
the left side of Figure 2.16. The color bar shows the 16-bit greyscale value of the images. The
shape of the second phantom is slightly complex than the first phantom. The result of the simulated
reconstruction is shown in the right side of Figure 2.16. Similar to the first phantom, the general
shape and approximate greyscale values of the original image are captured by reconstructing 8
projections using ART method.

Figure 2.16 Simulated ART reconstruction of Purdue logo.
It is found that the major factor to influence the quality of the reconstruction is the number of
projections: the second phantom of Purdue logo is reconstructed from 3 projections to 16
projections, where the letter “P” is clearly recognizable when the number of projections is 8-16,
the letter is somewhat recognizable when the number of projections is 4-7, and the letter is not
recognizable when the number of projections is only 3. It is noted that these two simulated
reconstruction cases are based on the projections without noise. However, in the reconstruction of
experimental data, the noise is inevitable. Moreover, the accuracy of the angle is also found
important to the reconstruction. In next chapter, the signal-to-noise levels and alignment of the
experimental setup are verified via physical phantoms.
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PRELIMINARY STUDIES

3.1

Static Phantoms

Before 3D reconstructing the specimens, three different imaging phantoms were manufactured to
test and verify if the inputs are correct, the locations of X-ray sources, specimen and detectors are
within the tolerance, and the 3D tomography reconstruction algorithm works. The name “phantom”
is originally used in the medical field to evaluate the performance of X-ray imaging system by
simulating living organs but avoid living subjects. The phantom in this research indicates a static
object with known geometry and properties to verify the experimental setup.
A CAD view of the first phantom is shown in the upper left picture of Figure 3.1. Four steel pins
of different shapes (full-length, half-length towards the bar, half-length towards the sample, and
full-length with a gap in middle) were inserted into a nylon ring holder. The nylon can be treated
nearly transparent under given conditions. The location of these four pins can be determined by
tomography reconstruction. Two phantoms were used: one with four 0.8-mm-diameter (D-1/32”)
pins and one with four 0.4-mm-diameter (D-1/64”) pins. The upper middle picture shows a typical
2D projection, where the top part shows the phantom with D-1/32” pins, and the bottom part shows
the phantom with D-1/64” pins. It is noted that the projection shown here is inverted for the visual
enhancement, where the white area indicates heavy-attenuated feature and the darker area indicates
less attenuated region. An intensity threshold is applied to the images for better illustration,
however, such threshold is not used in reconstruction process to avoid information lost. As
mentioned earlier, tomoj plug-in of the ImageJ software is used for 3D reconstruction. The top and
bottom pictures on right side show the reconstructed slice at Z=112 indicating the cross-section of
the D-1/32” pins and the slice at Z=486 indicating the cross-section of the D-1/64” pins,
respectively. The Z direction is shown in the CAD model and the projection, which is the pixel
number in the Kolsky bar direction. It is found the location and the diameter of the pins can be
clearly reconstructed. It is noted that the reconstructed slices show small number of artifacts
induced by the algorithm, such as the two white dots on the left side of the Z=112 slice and the
white dot near the right edge of the Z=486 slice. The total artifacts in this phantom reconstruction
can be viewed along with the pins in 3D, as shown in bottom part of Figure 3.1. Such artifacts are
probably due to heavy undersampling, since the number of projections is limited to four. In general,
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iterative reconstruction algorithms significantly reduce the number of artifacts comparing to
Radon-transformation-based algorithms, especially when the number of projections is limited [30,
31]. However, with only four projections, it is inevitable to avoid the artifacts with current
reconstruction techniques. It is noted that the number of artifacts would reduce with larger number
of projections. In this phantom, the smallest feature size can be clearly defined is 0.4 mm. It is
noted that, for a very spares dataset case like the first phantom, the smallest feature can be even
smaller if the signal-to noise ratio is sufficient.

Figure 3.1 A first phantom verification of the setup and reconstruction algorithm via two types of
pins with different diameters.

Figure 3.2 Intensity line-plots from experimental projections VS simulated projections for the
pin-based phantom in Figure 3.1.
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A simulated phantom was also modeled based the CAD dimensions and was simulating projected
by Radon transform without noise. The simulated projections (shown in Figure 3.2 as the inverted
intensity line-plot) match with experimental projections. The first phantom verified that the
relative locations of the system is correct, and the ART algorithm successfully reconstructed the
sparse dataset with very small number of artifacts, where the sparse dataset is given by few small
pins relatively far away from each other.

Figure 3.3 A raw reconstructed slice for the first phantom without visual enhancement: (a)
reconstructed slice at Z=112, and (b) a zoom-in view of the 1/32” pin.
Figure 3.3 shows a raw reconstructed slice for the first phantom without any visual enhancement.
Few lines can be found in the reconstructed slice. It is noted that those lines are artifacts from the
reconstruction algorithm and can be mostly eliminated by using regularization-base algorithm, or
a threshold over the image intensity as mentioned earlier. Figure 3.3(b) shows a zoom-in view of
the 1/32” pin, where the CAD dimension is also indicated in the figure. It can be found the white
area is very close to the CAD dimension.
Figure 3.4 shows the intensity plots for Figure 3.3(a). Figure 3.4(b) plots the intensity in the line
as shown in Figure 3.4(a), where the two peaks indicate the pin location. It can be found that the
distance between mid-points of two peaks is also very close to the CAD dimension. Figure 3.4(c)
shows the surface plot for the intensity, where the high peaks indicates the white area in the
reconstructed slice. Figure 3.4(d) shows the intensity surface plot after applying threshold. It can
be found that most of the line artifacts is eliminated. However, it is noted that the threshold is not
a subjective process since the value of threshold varies based on the phantom. In this research, the
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threshold applying is an approximate process after the reconstruction. As mentioned earlier, the
threshold is not used before the reconstruction to avoid losing information.

Figure 3.4 Intensity plots of the reconstructed slice from Figure 3.3: (a) raw reconstructed slice,
(b) intensity line plot where the line is indicated on (a), (c) intensity surface plot without
threshold, and (d) intensity surface plot with threshold.
In a second phantom (shown in Figure 3.5), an aluminum disk with four through holes was
machined to examine the reconstruction ability to detect small voids in a bulk material (dense
dataset). As discussed earlier, it is favorable for the reconstruction algorithm to reconstruct sparse
datasets. The circular holes in a bulk material can serve as a general non-favorable scenario for the
reconstruction process. It is noted that the log differences of attenuation of the holes in all
directions are the same. Thus, the reconstruction might not improve or worsen when rotating the
phantom. As shown in Figure 3.5(b), the diameters of four holes are 0.10” (2.54 mm), 0.08” (2.06
mm), 0.06” (1.52 mm), and 0.04” (1.09 mm), respectively. Figure 3.5(c) shows a typical 2D
projection from the phantom, where the white area shows low attenuation and the darker area
shows higher attenuation. One can find three vertical bands (Z direction) in lighter grey color of
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the projection. However, due to inherent noise associated with the imaging system, it is very hard
to distinguish the fourth one. Figure 3.5(d) shows the line plot of the log attenuation (equation 2.2(b)) in the horizontal direction of Figure 3.5(c), where the dashed line is the line plot from a single
line (Z=125), and the solid line is the line plot of the average of 200 lines. It is noted that a lower
pixel value feature (with higher attenuation) has a lower absolute noise but a higher noise ratio. In
the averaged curve, it can be seem that there exist four convex regions: 1) from ~100 to ~120
pixels, which is probably from the 0.04” hole, 2) from ~140 to ~190 pixels, which is probably
from the 0.1” hole, 3) from ~220 to ~270 pixels, which is probably from the 0.06” hole, and 4)
from ~290 to ~330 pixels, which is probably from the 0.08” hole. However, due to the noise, only
the two larger regions from the 0.1” and 0.08” holes are visible in the Z=125 curve. In this case,
before reconstruction, a median filter with radius = 1 pixel in horizontal direction (X and Y) and
radius = 2 pixels in vertical direction (Z) is applied to reduce the noise. Figure 3.5(e) shows a
typical reconstructed cross-sectional view, where the white area indicates high attenuation and the
darker area indicates low attenuation. The D = 0.1” and 0.08” holes are visible without further
visual enhancement. Figure 3.5(f) shows the color enhanced image of the Figure 3.5(e), where the
D = 0.06” hole is slightly visible. The grayscale colorization method used here is a spectrum lookup
table built-in from ImageJ software. It can be found that the number of artifacts is apparently
increased comparing to the first phantom case. It is noted that a strong filter with strong
regularization of the experimental projections would reduce the noise, and thus might improve the
quality of the reconstructed image. However, stronger filter would also introduce higher bias to
the projection and might blur the edges and eliminate small-sized features. Without further filtering
or visual enhancement, the smallest feature can be clearly defined in a very dense dataset like the
second phantom is 2 mm. Such result makes sense as both traditional radiography cannot well
distinguish a crack if the thin-direction of the crack is imaged.
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Figure 3.5 A second phantom verification via an aluminum disk with four through holes in
different diameters: (a) a photo of the phantom, (b) dimensions of the disk and the through holes,
(c) a typical 2D projection where the white area shows low attenuation and the darker area shows
higher attenuation, (d) log attenuations along horizontal lines of the projection (c), (e) a typical
reconstructed cross-section where the white area shows high attenuation and the darker area
shows low attenuation, and (f) color enhancement of grayscale cross-sectional image (e) via
spectrum lookup table.
A 3-D printed aluminum model serves as the third phantom to examine the reconstruction ability
between very sparse (first phantom) and very dense (second phantom) dataset. As shown in Figure
3.6(a), the third phantom consists of a circular base, a ring on the top with four holes of different
diameters, and four tapers connected between the base and the ring. The dimensions of the tapers
and the ring are shown in Figure 3.6(b). Figure 3.6(c) shows a typical 2D projection, where one
can easily find the shape of four tapers and the center hole of the ring. Figure 3.6(d) shows a
reconstructed cross-sectional slice view from side direction, where two tapers can be clearly
determined. The ring can also be distinguished. However, the reconstructed attenuation (or voxel
grayscale value) of the center hole in the ring is higher than the empty space attenuation. This is
probably due to the nature of the reconstruction algorithm with limited number of projections (like
artifacts), and the non-linearity due to the large diameter of the aluminum ring. Figure 3.6(e) shows
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a 3D volume view of the reconstructed phantom. Although there are still some artifacts, all tapers
(including the smallest taper) can be visualized. The center hole from the top of the structure can
be clearly visualized. However, only the largest hole (D = 0.10”) can be apparently defined in the
reconstructed image, which indicates a non-favorable case similar to the second phantom. For the
taper section of this third phantom, the smallest feature size can be clearly defined is 1 mm.

Figure 3.6 A third phantom verification via a 3D-printed aluminum model: (a) isometric view of
CAD model and the photo of the phantom, (b) dimensions of the phantom, (c) a typical 2D
projection where the white area shows low attenuation and the darker area shows higher
attenuation, (d) a reconstructed cross-sectional slice view from side direction, where the view is
enhanced by spectrum lookup table, and (e) a reconstructed 3D volume view from top-down
direction, where the view is enhanced by spectrum lookup table.
It can be found that the reconstruction quality and the minimum recognizable feature is dependent
on the noise level. Figure 3.7 summarized the intensity line plots from all three phantoms. From
which one can find that the noise increases with respect to log attenuation. It is reasonable since a
higher attenuation results in lower received X-ray intensity, which leads to higher noise ratio. The
detail discussions on noise ratio with respect to received X-ray intensity is presented in Chapter 6.
It is noted that the noise ratio is defined as the standard deviation of the signal divided by the
average received X-ray signal. The observed noise ratios are ~9.6% and ~7.9% for the center
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location of the disk phantom and the center location of the nylon holder of the pin-based phantom,
respectively. The relative differences between the feature signals (i.e. the holes for the second
phantom) and the surroundings are ~14%, ~11%, ~8.3%, and 5.9% for the 0.1”, 0.08”, 0.06” and
0.04” hole, respectively. Only the 0.1” and the 0.08” hole has the feature-signal-to-noise ratio
larger than 1 (where they are identified in the reconstructed slice (Figure 3.5(e)) without visual
enhancement). On the other hand, the relative difference between the pin and the surrounding
nylon holder is ~77%, which is significantly larger than the noise (7.9%). It is reasonable that the
reconstruction quality is better for the first phantom since the feature-signal-to-noise ratio is much
higher than 1.

Figure 3.7 2D projection noise: line plots for (a) the first phantom with pins, (b) the second
phantom of aluminum disk with holes, and (c) tapper section of the third phantom.
3.2

Uniaxial Compression of Chalk

Preliminary studies were conducted on dynamic loading of two materials to study the application
range of the built flash X-ray system. Chalk is firstly selected for its brittleness and economy
reason. Chalk is commonly made of Calcium carbonate with small amount of talcum or potato
starch. It is mostly used for drawing on pavement or concrete sidewalks. Commercial grade chalks
were bought and machined to cylindrical shape with 9.5 mm in diameter and 9 mm in length. Due
the large impedance difference between the bars and the specimen, a rectangular incident loading
pulse with a smoothed ramp rising edge was used to deform the specimen under a relatively
constant strain rate. To deform the specimen to a large strain level, a 2.5 m long aluminum striker
is used, which can generate a ~1 ms incident pulse. Figure 3.8(a) shows an averaged uniaxial
compression stress-strain response from uniaxial compression of chalk at a constant strain rate of
450/s (averaged from 5 identical measurements). The error bars on the curve is the standard
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deviation from interpolating the 5 stress-strain curves. From the averaged curve, the stress
increases drastically to ~5.25 ± 0.71 MPa at ~0.7% strain, then drops to a relatively steady level
of 2-3 MPa, and gradually decreases as the pieces cracking and flying out. Such gradual breakage
is probably due the sticking component added to the commercial chalk. Four typical 2D projections
were taken on four identical specimens with same loading conditions at 11%, 19%, 25%, and 43%
strain, respectively. It is noted that the original images were in grey scale (like Figure 3.5(c) and
Figure 3.6(c)). Artificial color mapping was used for better illustration. At 11% strain, the image
shows a center crack parallel to loading direction, such center crack is probably induced by the
tensile stress perpendicular to the loading direction near the internal defects; at 19% strain, the
center crack expands, the lower end of the specimen becomes mushroom shaped and some debris
ejects out from main body, where such mushroom shaped region is very close to the bar end
indicating possible stress concentration at the bar-specimen interfaces; at 25% strain, the center
crack shrinks slightly, and more debris flies out; and at 43% (near the end of loading), the specimen
disintegrates. It is noted that the X-ray density of the chalk is very low, the average log attenuation
(Equation 2.2-(b)) at center of the specimen is only ~0.35. Thus, the specimen does not have
enough contrast to the background as shown in the 2D projections. Considering the inherent noise
associated with the image and the artifacts induced by the reconstruction algorithm, the resulting
3D slices were hardly recognizable. For the specimens without enough attenuation like chalk, this
method, however, can provide qualitative information to observe the 2D fracture behaviors from
different angles.
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Figure 3.8 Uniaxial compression of chalks: (a) averaged stress-strain response, (b) a colorized
2D projection at 11% strain, (c) a colorized 2D projection at 19% strain, (d) a colorized 2D
projection at 25% strain, and (e) a colorized 2D projection at 43% strain.

3.3

Uniaxial Compression of Limestone

To achieve a better 2D projection contrast, it is desired to increase the X-ray attenuation density.
A second preliminary study was conducted for limestone specimens under uniaxial compression.
Limestone is a form of sedimentary rock, which is widely used in civil construction applications
such as building material and component of concrete. Frew et al. [33], Richard et al. [34], and
Petrov et al. [35] conducted dynamic uniaxial compression experiments of different kind of
limestones using Kolsky bar from 70/s to 570/s and found a large scatter in terms of dynamic
compressive strength, depends on where the limestone is harvested and the equipment and testing
condition of the Kolsky bar experiments. The reported compressive strength around 100/s is range
from 11 – 120 MPa, and the reported critical strain at peak stress is range from 0.6% - 2.3%.
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Figure 3.9 Uniaxial compression of limestones: (a) averaged stress-strain response, (b) an
inverted 2D projection at 2.2% strain, (c) an inverted 2D projection at 5.2% strain, and (d) an
inverted 2D projection at 8.5% strain.
In this study, commercial grade limestone blocks were bought and sliced into small cubes with
width ≈ height ≈ length ≈ 9.5 mm. A pulse-shaper-generated bi-linear ramp incident pulse is used
to deform the limestone specimen at a nearly constant strain rate about 80/s. The averaged stress
strain curve is shown in Figure 3.9(a). Such a curve is averaged from 6 identical measurements.
The peak stress of limestone is 45.4 ± 3.6 MPa at ~0.77% strain. Unlike chalk, the stress drops to
nearly zero after the initial breakage. Three typical 2D projections were acquired from three
identical specimens loaded under identical rate, as shown in Figure 3.9(b)-(d). The trigger delay
time are 305 µs, 390 µs, and 490 µs for the corresponding engineering strain of 2.2%, 5.2% and
8.5% when X-ray fired, respectively. At 2.2% strain, the cracking inside the specimen is not
apparently visible as shown in Figure 3.9(b). At 5.2% strain, Figure 3.9(c) shows multiple cracks
parallel to the loading direction running inside the specimen, which indicates the specimen is failed
due to axial splitting where the tensile stress perpendicular to loading direction tears the specimen
apart. Unlike chalk which only shows a major center cracks, limestone breaks due to many cracks.
At 8.5% strain, Figure 3.9(d) shows even more cracks as compared with the projection at 5.2%
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strain. It is noted that due to the cube-shape of the specimen, material at the corner of the specimen
might have stronger stress concentration.
The contrast of limestone with respect to background is much better than that of chalk. The average
log attenuation at center of the specimen is around 1.2. However, due the fact that the limestone
breaks into many pieces, the artifacts in 3D reconstruction covered the real features. In the trial
reconstructed slices, many possible lines can be visualized. However, it is very difficult to
determine if the lines shown in the reconstructed slice is a representation of a crack or the artifacts.
The features inside the specimen are not visible. Thus, it is favorable for the reconstruction process
if the target specimen breaks into limited pieces.

3.4

Plate-ball Compression of Aventurine Spheres

Plate-ball compression experiments were conducted on aventurine spheres. Aventurine is a form
of natural quartz with a density of 2.64-2.69 g/mm3. In this study, spheres with a diameter of 20
mm were used. To prevent the damage of bar ends, thin hardened A-2 tool steel plates were placed
between the specimen and the bar ends. A thin heat shrink tube was used to hold the sphere from
dropping. It is noted that the heat shrink tube is soft and can be easily deformed by hand.
Considering the axial force to break the sphere is in the order of few kN, the heat shrink tube would
not confine the specimen to alter its stress state. The X-ray was fired twice for each measurement:
one before the deformation and one during the deformation. The 2D results are shown in Figure
3.10. From force-displacement curves, the peak force is ~12 kN at ~ 0.37 mm. The initial low force
region is likely due to the large diameter of the specimen and the non-linear contact between the
sphere and the plate. The images shown in Figure 3.10(b) and (d) are the input by Equation 2.2(a).
It is noted that the images are enhanced by fire lookup table, where the yellow region indicates the
crack and the blue region indicates the specimen expansion.
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Figure 3.10 Plate-ball compression of aventurine spheres: (a) force-displacement of a first
specimen, (b) a colorized 2D projection of the first specimen at 0.71mm displacement, (c) forcedisplacement of a second specimen, and (d) a colorized 2D projection of the second specimen at
0.97mm displacement.
Since for aventurine sphere compression, both un-deformed state and deformed state were imaged,
a first attempt was conducted by reconstructing both states individually. A reconstructed slice from
deformed state (Equation 2.2(b)) is shown in Figure 3.11(b), which shows one apparent crack
around 70-deg from horizontal axis and one possible crack around 145-deg. The specimen is the
same specimen shown in Figure 3.10(a)-(b). The reconstruction from same location using both
states (Equation 2.2(a)) is shown in Figure 3.11(c), from which one can distinguish two cracks.
Figure 3.11(d) shows a 3D view of the reconstructed object from Equation 2.2(a), where the
threshold is applied to remove majority of the reconstruction artifacts. The crack width of the crack
about 77-deg is measured to be ~0.7 mm, which is better than the worst-case scenario given by the
second and third phantom. This is probably due to the crack direction is align to one of the X-ray
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beam direction. It was observed that the crack around 150-deg has a larger width and higher noise
than the other crack, which is probably due to it not aligned well with any of the X-ray beam. The
angles between the two cracks from ART reconstruction, and from recovered specimen photo are
73.5±11 deg, 75±3 deg, respectively. The angle from ART reconstruction method matches with
recovered specimen, which is shown in Figure 3.11(e). Both cracks are nearly parallel to the
loading direction, which indicates the tensile stress is the governing stress for the two cracks to
open and break the specimen into four. This finding matches the report by Parab et al. [39]. In this
preliminary study, the tomography for the crack is successfully reconstructed as a result of (1) the
specimen has appropriate log attenuation (maximum ~1.5 for the specimen used), and (2) the
number of major cracks inside the specimen is only two. It is also noted that in the situation of this
preliminary study, the reconstruction taking the difference of deformed specimen to un-deformed
specimen is apparently improved from the reconstruction only taking the deformed specimen
projections.

Figure 3.11 Tomography reconstruction of an aventurine sphere from Figure 3.7(a)-(b): (a)
indication of the slice location in terms of a 2D deformed projection, (b) a colorized
reconstructed slice from only deformed projections at Z=266 pixel, (c) a colorized reconstructed
slice from both undeformed and deformed projections at Z=266, (d) a 3D view of the
reconstructed object of (c), and (e) the recovered specimen after loading.
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3.5

Summary

In this section, preliminary studies were conducted to verify the method and test the application
range. Three static phantoms were manufactured for sparse dataset (the first pin-based phantom),
dense dataset (the second aluminum disk phantom with holes), and a dataset in between (the third
3D-printed aluminum phantom). The result verified the inputs are correct and the relative locations
of X-ray sources, specimen and detectors are within the tolerance. The reconstruction images show
the worst-case clearly recognizable object size is 0.4 mm for the first phantom, 2 mm for the second
phantom, and 1 mm for the third phantom, respectively. Uniaxial compression on chalk and
limestone and plate-ball compression on aventurine sphere were conducted. The tomography
reconstruction of the first two is not successful as the log attenuation of chalk is low resulting high
noise and the number of cracks inside the limestone is too many resulting numerous artifacts in
the reconstruction. The in-situ aventurine sphere under dynamic plate-ball compression is
successfully reconstructed, given appropriate log attenuation and number of cracks. It is found that
the smallest size of the crack aligning with one of the X-ray beam direction is better than the static
phantom. Moreover, the reconstruction with both deformed specimen and un-deformed specimen
is apparently better than the reconstruction only taking the deformed specimen in some scenarios.
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INDENTATION ON MACHINABLE CERAMICS

4.1

Machinable Ceramics

In this section, dynamic indentation experiments were conducted via indenting a spheroconical tip
into cylindrical specimens to investigate the breakage phenomena of two types of machinable
ceramics. Machinable ceramics are glass-bonded mica ceramic materials. Based on different
brands, the types of mica filler and the percentage of glass-mica ratios are different. Machinable
ceramics are widely used in thermal and electrical insulation applications such as high voltage
electronic components and thermal barrier coatings, due to their low thermal conductivity, high
dielectric strength, flame retardancy, geometric stability, and relative high machinability (can be
machined by conventional metal working tools) comparing to traditional ceramics. In this study
Mykroy/Mycalex ® 550 (short for M/M) developed by Crystex Composites [36] and Macor ®
from Corning [37] were used. Table 4.1 lists a comparison between MM and Macor. The
dimensions for M/M specimens are 9.5 mm in diameter and 14.5mm in length, and for Macor
specimens are 9.6 mm in diameter and 9.8 mm in length.

Table 4.1 Basic Properties of Two Types of Machinable Ceramics [36, 37].
M/M 550

Macor

Density (g/cm3)

2.7

2.52

Color

Light Gray

White

Thermal Conductivity (W/m.K)

1.15

1.46

Quasi-static Compressive Strength (MPa)

276

345

Young’s Modulus (GPa)

82.7

66.9

4.2

Experimental Setup and Force Displacement Response

A spheroconical indenter was glued to the transmission bar end for dynamic indentation. The
schematic diagram is shown in Figure 4.1. The angle of the cone is 90-deg. The indenter is made
of hardened A-2 tool steel: an A-2 steel rod in annealed state was purchased and machined to shape,
the machined part was then heated to 940 ºC and quench in dry air blast, the quenched part was
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tempered at 230 ºC for 2 hours. The hardness of tempered part can reach 59 HRC. To prevent the
indenter indents into the bar, single loading stopper was used to stop the movement of incident bar
after one loading pulse.

Figure 4.1 Schematic of spheroconical indentation setup.
A trapezoidal incident loading pulse with a flat top was used to deform the specimen under a
relatively constant deformation velocity. The average deformation velocity for both materials are
2.1 m/s. The averaged force-displacement curves and corresponding error bands for both materials
are shown in Figure 4.2. The error bands shown in the figure is the standard deviation from
averaging multiple curves. It can be found that the initial rising region of both materials are similar
(indentation depth less than 0.15 mm), which is probably due to the Young’s modulus of MM is
higher than that of Macor, and the length of MM specimen is also higher than that of Macor.
However, in traditional indentation experiments, specimen thickness is not an apparent function
of indentation response, especially for the ratio of contact radius to specimen thickness << 1 [53].
It is noted that under contact theory, the force is proportional to the square of the indentation depth
curve for a rigid spheroconical tip into an elastic half-space [38]. However, the initial rising region
is not in a quadratic shape. This region can be mathematically fitted into 𝑦 = 𝑎𝑥 𝑛 , where n ≈ 1.25
instead of 2. Such discrepancy might be due to the fact the machinable ceramic is technically a
bulk of bonded small glass-mica particles. The response under micro-structure level is not linearelastic, but a combined mechanism of deformation of individual particles and rearrangement/breakage of groups of particles. What’s more, the compliance of the indenter and
gluing layer need to be considered, which might result in the real indentation depth to be smaller
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than the displacement detected by bar strain gages, especially at sub-0.1 mm level. The force from
MM specimen deviates from initial rising region at ~ 0.15 mm and the force from Macor deviates
at ~0.25 mm, which is an indication that part of the specimens permanently deformed or partial
failure. The peak forces and the displacements at peak force for each material are listed in Table
4.2. The MM specimen has a relatively long after-breakage region (from displacement ~0.3 mm
to ~0.8 mm), which indicates a gradual failure; while the force of Macor specimen sharply drops
to zero after breakage, which indicates a sudden failure. It is noted that the force of Macor
specimen oscillates to below zero due to the sudden failure of the specimen and the inertia of the
steel indenter.

Figure 4.2 Averaged force displacement from spheroconical indentation of Macor and
Mykroy/Mycalex 550.

Table 4.2 Peak Forces and Critical Displacements of Two Types of Machinable Ceramics.
M/M 550

Macor

Peak Force (N)

353±26

984±73

Critical Displacement (mm)

0.28±0.04

0.55±0.05
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4.3

2D Projections

Figure 4.3 shows a typical set of 2D projections from an MM specimen, where the displacement
when X-ray fired is 0.39 mm. The images shown here are inverted where the whiter area indicates
higher attenuation. Figure 4.3(e) shows the corresponding force displacement of the specimen,
where one can find that the X-ray firing point is right after the force drop from the peak point.
From the projections, one can find only Figure 4.3(c) shows a crack starting from the indenter
point. The propagation direction of the crack is parallel to the loading direction, which indicates
local tensile stress is the driving factor for the crack to open. It can also be found that the crack has
not reach the other end of the specimen yet, which is reasonable since the force for this specimen
has not reach zero yet when X-ray was fired. It is noted that due to the fact that the crack is very
thin, if the crack direction does not align with the X-ray direction, such a crack cannot be visualized.

Figure 4.3 2D projections of a M/M specimen under dynamic indentation: (a) to (d) inverted 2D
projections from different angles of the same specimen at the same time, and (e) specimen force
displacement and the corresponding X-ray fire location.
Figure 4.4 shows a typical set of 2D projections from a Macor specimen, where the X-ray firing
displacement is 0.68 mm, which is also right after the force drop from peak. From the projections,
one can find three cracks, each from one projection (Figure 4.4(b)-(d)), and a possible crack in
Figure 4.4(a). Unlike M/M, none of crack propagation directions is strictly parallel to the loading
direction, indicates the crack opening stress is driven by both tension and shear for Macor. In the
meantime, the crack shown in Figure 4.4(d) reaches the other end of the specimen, which is
reasonable as the specimen force already drops to zero. However, by only few 2D projections, it
is very difficult to determine how many total cracks running inside the specimen, since one crack
in one projection might also appear on another projection.
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Figure 4.4 2D projections of a Macor specimen under dynamic indentation: (a) to (d) inverted 2D
projections from different angles of the same specimen at the same time, and (e) specimen force
displacement and the corresponding X-ray fire location.

4.4

Tomography Reconstructed Slices

The maximum log attenuation of M/M specimen and Macor specimen is ~1.1 and ~1, respectively.
When the crack aligns with any of the projection direction, such attenuations are appropriate to
give sufficient signal-to-noise ratio as mentioned in chapter 3. Figure 4.5 shows the reconstructed
cross-sectional view for M/M specimen. The shown reconstructed slice located at Z = 100 which
is 1.2 mm down from the indenter tip (shown in Figure 4.5(a)). As mentioned in chapter 3, the Z
direction is the reverse loading direction of Kolsky bars (smaller Z indicates closer to transmission
bar). The 2D projection in Figure 4.5(a) is the same projection in Figure 4.3(c). Figure 4.5(b)
shows the reconstructed slice at the corresponding location, where one can detect an oblique crack.
The width of the crack is about 0.35 mm. It is noted that in this chapter, only the deformed
projections are used for reconstruction input. Figure 4.5(c) shows a color enhancement of the
reconstructed slice by 16-color lookup table method, which is built in ImageJ software. Figure
4.5(d) shows another image enhancement via edge detection. As mentioned earlier there exist a
considerable number of artifacts in the dense dataset. By performing the edge detection, most of
the artifacts are illustrated as a single line. The double line, however, indicates an apparent crack
since the corresponding parts are separated and there would be two edges presented. The above
reconstruction result matches with the recovered specimen, where two major pieces were found,
and their separation surface is parallel to the loading direction.
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Figure 4.5 Reconstructed cross-sectional slice of a M/M specimen under dynamic indentation:
(a) indication of the slice location in terms of a 2D projection, (b) reconstructed cross-sectional
slice at Z=100 shown in greyscale, (c) color enhancement of (b) via 16-color lookup table, and
(d) edge detection of (b).

Figure 4.6 Reconstructed cross-sectional slices of a Macor specimen under dynamic indentation:
(a)-(b) indication of the slices location in terms of 2D projections, (c)-(e) the edge of
reconstructed cross-sectional slices at Z=115, 147 and 180, (f) photo of the recovered specimen
after loading.
Figure 4.6 shows the reconstructed cross-sectional view for Macor specimen. Three slices are
shown in Figure 4.6(c)-(e) where Z = 115, 147, and 180. The distances from the shown slices to
the indenter tip are 1.41 mm, 2.96 mm, and 4.56 mm, respectively. In Z = 115 slice, one can find
two oblique cracks, where the crack angles are 107° and 71°, and the crack opening widths are
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~0.5 mm and ~0.6 mm, respectively. In Z = 147 slice, one can only find one crack. Such crack is
the same crack of 107° in Z = 115 slice, while the width of the crack shrinks to ~0.4 mm. In Z =
180 slice, the width of the crack further reduces to ~0.3 mm. The above reconstruction result
matches with the recovered specimen, which is shown in Figure 4.6(f), where one can find three
major pieces.

4.5

Discussions and Future Works

In this research, it is noted that it is very repeatable for the M/M specimen to separate into two and
the Macor specimen to break into three pieces. To further investigate the reason of such phenomena,
microstructure images were taken for both materials. Figure 4.7 shows the cross-sectional images
of both materials under 20X optical microscope, where the Macor (on the left) shows a nearly
random particle orientation, and the M/M (on the right) shows that the majority of the particles
orients in one direction (about -15° to horizontal direction). The randomized distribution of Macor
matches with the SEM image from manufacture data sheet [37]. It is noted that the thin lines the
in M/M image about 100° to horizontal direction is induced by cross-section cutting, rather than
the feature by the material itself. On the other hand, the particle size in Macor is apparently smaller
than the size in M/M. It is highly likely that under indentation the crack inside the specimen
propagates along the particle direction. Since there is only one major particle direction in the
specimen, it is reasonable for the M/M specimen to break into two clean parts as shown in Figure
4.5.

Figure 4.7 Cross-sectional photos of Macor and M/M 550 under optical microscope.
It is expected under spheroconical indentation the M/M failures along the particle direction.
However, it is still unknown that whether M/M will crack along the particle direction again under

48
directional indentations (such as Vickers indentation). For dynamic Vickers indentation,
researchers have observed that the brittle specimens crack along the diagonal directions of the
square-based pyramid tip [52]. It would be interesting to investigate the crack directions of
directional materials such as M/M under directional indentations, especially when these two
directions are at an angle.
It is note that the specimen length for M/M used in this research is longer than the length for Macor
specimen. Although traditional indentation experiments assume the specimen thickness has minor
effect on the response when the ratio of contact radius to specimen thickness is small [53], a
different specimen geometry might result in the difference in the post failure behavior. In this study,
the M/M was observed a gradual failure behavior while the Macor was observed a sudden force
drop after the peak force. It is possible that the crack takes a considerable amount of time to
penetrant the M/M specimen. In future studies, the specimen length effect is proposed to observe
the post failure during the dynamic indentation experiments.
Due to limited number of cracks, the flash X-ray tomography is a promising technique to visualize
the post failure behaviors in-situ of dynamic indentation of brittle specimens. Currently, majority
of indentation experiments visualize specimen performance after the indenter is removed, which
the dynamic indentation cannot be imaged in-situ. Some use optical high-speed camera or
synchrotron radiation with high-speed scintillator to visualize transparent specimens or nontransparent specimens, respectively. However, both techniques are limited by the crack direction
(perpendicular to imaging axis for optical and parallel to X-ray beam for synchrotron radiation).
The flash X-ray tomography expand the application range where the crack direction can be. As
long as the crack direction approximately aligns with one of the X-ray beams, it can be well
captured. It is noted that the larger number of projection angles can further increase the change to
capture all the cracks and improve the reconstruction image quality.

4.6

Summary

In this section, spheroconical indentation experiments were conducted for two types of machinable
ceramics to investigate the mechanical responses and failure mechanisms. The Macor shows a
higher peak force and sudden force drop after failure, while the M/M shows a lower peak force
with gradual failure behavior. In-situ X-ray projections and tomography reconstructions were
taken for both materials right after the peak force. The images show that the Macor specimen
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breaks due to two major cracks - one nearly parallel to the loading direction and another one
oblique to the loading, while the M/M specimen breaks due to one major crack parallel to the
loading. Microstructure images show that the Macor particle is randomized distributed, but the
M/M particle is highly directional, which matches the in-situ breakage phenomena observed by Xray.
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UNIAXIAL COMPRESSION ON 3D PRINTED
SANDSTONE

5.1

Material

Recently, the rapid advancement of additive manufacturing industry (two other names are rapid
prototype and 3D printing) has resulted the availability to directly print a 3D model commercially
for a wide range of applications. The materials available for 3D printing includes thermo-plastics
[40], metals [41], ceramics [42], and sandstones [43, 44]. The resolution (or layer thickness) of
most commercial 3D printers can reach 0.05mm. 3D printing techniques enable to manufacture
complex parts and assemblies which are not able to machine or costly to machine via traditional
methods. However, the mechanical properties and the failure mechanisms for most of 3D printed
materials have not been studied, especially for the response under dynamic loadings. Failure of a
material is likely to start from the internal defects inside the material from manufacturing process.
Such defects are generally not visible from the surface. X-ray tomography, however, is an
appropriate tool to visualize them.
In this section, dynamic uniaxial compression on a 3D printed sandstone is conducted. The
sandstone is commercially printed using ProJet 660 Pro 3D printers via two different on-demand
printing service vendors [45, 46]. For both vendors, the material and the 3D printers are the same.
The base printing material is VisiJet PXL Core powder (by 3D Systems) which consists 80-90%
calcium sulfate hemihydrate. The powder is bonded together with a liquid inkjet binder (VisiJet
PXL Clear by 3D Systems) to form a 3D model. The liquid binder is an aqueous solution with 01% 2-pyrrolidone. The model is post-treated with a fast-acting adhesive infiltrant coating to
increase strength. The infiltrant used in this research is ColorBond/zbond® 90, which consists 80100% 2-Methoxyethyl-2-cyanoacrylate. It is noted that the strength of printed specimen is greatly
dependent on the type of infiltrant coating. The basic properties of this 3D printed sandstone from
manufacture site is listed in Table 5.1. Three types of specimens were printed and coated with
ColorBond: (1) cylindrical specimens with 10 mm in diameter and 10 mm in length, (2) ring shape
specimens with 10-mm-ID, 14.2-mm-OD and 10-mm-L, and (3) dumbbell-shaped specimens with
25.5 mm total length, 10 mm length in gauge section and 6.3 mm diameter in gauge section. The
cylindrical specimens were printed via both vendors [45, 46], while the ring shape and dumbbellshaped specimens were printed via the second vendor [46].
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Table 5.1 Basic Properties of 3D Printed Sandstone [46].
Quasi-static tensile Strength (MPa)

14.2

Quasi-static tensile elongation (%)

0.23

Composition
Density (g/cm3)

5.2

Base powder

Binder

Infiltrant

VisiJet PXL Core

VisiJet PXL Clear

ColorBond

2.6-2.7

1.0

1.04

Experimental Conditions and Mechanical Responses

A pulse-shaper-generated bi-linear ramp incident pulse is used to deform the 3D printed sandstone
specimen at a nearly constant strain rate about 100/s. The striker used to load the sandstone has a
length of 1.2 m. A typical set of incident, reflected, and transmitted wave is show in Figure 5.1(a).
A typical set of strain rate and strain histories is shown in Figure 5.1(b), where the plateau region
from ~0.4 ms to ~0.6 ms indicates that the specimen is under a constant strain rate deformation
before the breakage. The strain rate jumps after the failure of the specimen at ~0.6 ms, where the
corresponding strain is ~ 0.02. Figure 5.1(c) shows a typical set of stress equilibrium histories
indicating that the incident end stress almost overlaps with the transmission end stress, especially
before the specimen failure. Figure 5.1(d) shows all the stress strain curves obtained at ~100/s,
where the specimen is printed in cylindrical shape from the first on-demand printing service vendor
[45].
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Figure 5.1 Experimental conditions and stress strain curves for the 3D printed sandstone
specimens in cylindrical shape from the first vendor: (a) typical bar signals, (b) typical strain rate
and strain histories, (c) typical stress equilibrium histories, and (d) stress strain curves at ~100/s
strain rate for specimen from the first vendor.
The average stress strain curves for specimens obtained from the second vendor is shown in Figure
5.2. The strain rate for these stress strain curves is similar to the condition in Figure 5.1 for the
specimens from the first vendor. From these results one can find that for both cylindrical specimens
the initial module is similar, and after initial failure both specimens reach relatively plateau stress
regions instead of sudden stress dropping to zero. However, the stress level and scatter from the
first vendor cylindrical specimens are apparently larger than those from the second vendor. On the
other hand, the stress strain curves apparently dependent on the shape of the specimen: the ring
shape specimen gives the highest compressive strength, the cylindrical one gives the lowest
compressive strength. It is noted that the cross-sectional area and length for both specimens are
nearly the same.
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Figure 5.2 Average stress strain curves for 3D printed sandstone specimens in various types of
shape.
As mentioned earlier, the ColorBond infiltrant coating has apparent effects on the strength of the
printed sandstone. It is suspected that such coating has an apparent thickness that cannot be ignored.
To verify this assumption, a specimen from each batch were cut open to examine the cross section.
As shown in Figure 5.3, the inner rectangular area is the inner core of the specimen, where the
material hardness is smaller than the outside rectangular ring. The outside rectangular ring is
assumed to be the area where the ColorBond infiltrant coating penetrated. The thickness of the
coated layer varies from 1.8 to 2.3 mm for the specimens printed from the first vendor, and from
1.35 to 1.6 mm for the specimens printed from the second vendor. It appears that the specimen
with higher percentage of coated area leads to higher strength. The strengths for all four specimen
types (three shapes from two vendors) are plotted in Figure 5.4. The percentage of coating from
cross section (α) is calculated based on Equation 5.1, where the r is the radius of the specimen
(gauge section) and t is the measured thickness from the specimen been cut open. The red dot is
from cylindrical specimen via the first vendor and the blue dots are from the second vendor. From
Figure 5.4, it is confirmed the assumption that higher percentage of coated area leads to higher
strength, and the data from both vendor seems fall in one line.
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𝑟 2 − (𝑟 − 𝑡)2
𝛼=
𝑟2

(5.1)

Figure 5.3 Cross-section of a 3D printed sandstone specimen.
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Figure 5.4 Dynamic compressive strength of 3D printed sandstone as a function of the
ColorBond infiltrant coating percentage in specimen cross section.
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5.3

2D Projections and Tomography Reconstructions

Figure 5.5 shows four projections taken for the same specimen (cylindrical from the first vendor)
at four different points of delay time. The corresponding location in the stress strain curve of this
specimen is shown in the left part of Figure 5.5. It can be found that before the peak stress
(projection (a) and (b)), no apparent crack is visible. Right after the initial breakage (projection
(c)), a crack can be visualized near the edge of the specimen, where the crack has the access to one
of the bar end. At about 7.9% strain (projection (d)), two cracks are visible near the surface of the
specimen. Both cracks are longer than the crack in projection (c), and both have access to the bar
end. It is assumed that the crack is initiated from or near the bar end.

Figure 5.5 2D projections of a cylindrical 3D printed sandstone specimen with corresponding
stress strain curve, where the four projections were taken for the same specimen at four different
delay time.
Figure 5.6 shows the tomography reconstruction of a cylindrical specimen. The X-ray was fired at
the specimen strain = 0.086. Figure 5.6(b) shows the 2D projections taken for this specimen, where
in channels 1, 2 and 4 one can visualize two possible cracks and in channel 2 one possible crack
can be seen (the other crack might be perpendicular to channel 2 thus cannot be visualized in 2D).
It is noted that, the log attenuation at the center of the specimen is only ~0.6, which might result
in a higher noise level compared to the case of machinable ceramics in section 4. Figure 5.6(c)
shows the colorized volume view of reconstructed un-deformed specimen. From which one can
find the specimen in cylindrical shape without cracks. Figure 5.6(d) shows the colorized volume
views of reconstructed deformed specimen. Volume views from two different angles are presented,

56
where two cracks can be found. It is noted that the crack indicated by yellow colored arrow in left
figure and right figure of 5.6(d) is the same crack but viewed in different angles. The direction for
the yellow arrow indicated crack is ~20° to the loading axis and the direction for the red arrow
indicated crack is ~50° to the loading axis. Both cracks have access to the bar end, which is similar
to the case shown in Figure 5.5.

Figure 5.6 In-situ tomography reconstruction of a cylindrical 3D printed sandstone specimen: (a)
stress strain curve and corresponding X-ray firing point, (b) 2D projections of deformed
specimen, (c) colorized volume view of reconstructed un-deformed specimen, and (d) colorized
volume views of reconstructed deformed specimen.

5.4

Discussions

The crack shown in Figure 5.6(d) matches with the recovered debris of the specimen, which is
shown in Figure 5.7(b). Three pieces of debris were recovered: two in cone shape and one in thinshell shape. It appears that the cracks in Figure 5.6(d) lead to the separation of the ColorBond
coated layer on the side wall of the cylindrical specimen. Under dynamic loading conditions, it is
possible that the ColorBond adhesive infiltrant becomes brittle under tension. Although there is no
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mechanical data exist for this particular type of adhesive, researchers have reported several
structural epoxies to behave ductile under quasi-static and dynamic compression but brittle under
dynamic tensile conditions [47, 48]. Figure 5.7(a) shows a cross-sectional diagram of a cylindrical
specimen under uniaxial compression, where the solid blue region indicates the coated region
which has higher strength than the non-coated region (indicated by blue dots). Due to Poisson’s
Ratio, the side wall of the specimen would expend in lateral direction (being pushed out by the
non-coated region). It can be found from Figure 5.3 that the curvature of the connection between
side wall and top wall & bottom wall is small, which might result in stress concentration in the
connection spots, as indicated by black lines in Figure 5.7(a). It is suspected the crack initialed due
to such stress concentration and the brittleness of the coated layer under dynamic local tensile
stress.

Figure 5.7 Dynamic fracture of cylindrical 3D printed sandstone specimen: (a) assumption of
dynamic fracture mechanism based on weak spots, (b) recovered debris of the fractured
specimen.
Since the coated layer might behave differently under quasi-static loading conditions. The same
type of cylindrical specimen was compressed by a MTS 810 machine at 0.001/s strain rate. As
shown in Figure 5.8(a), at 0.001/s, the material behaves in a ductile manner while the dynamic
stress strain behavior is brittle. The dynamic peak stress (~55 MPa) is apparently higher than the
stress in quasi-static (~22 MPa). Interestingly, the post failure plateau stress level from dynamic
loading is similar to the yield stress level at quasi-static rate.
Figure 5.8(b) shows approximate strain mapping of the deformed specimen. Speckle patterns were
spray painted on specimen surface. The deformation process is captured in sequence of photos via
a Canon T2i DSLR with a Canon EF 100mm f/2.8 Macro lens. The time between frames is 10-sec,

58
indicating an interval of 0.01 nominal strain. The images were processed via an open source digital
image correlation software ncorr [49]. It is noted that due to the specimen is in cylindrical shape,
the Exx (lateral strain) shown in Figure 5.8(b) is an approximate to the real strain values, since the
specimen surface is mapped onto the imaging plane. For qualitative analysis, the first crack
initialed between strain values of 0.17-0.18. The location of the crack initiation point is at the
center of the specimen, which is different from the dynamic case. Shear stress is the main driving
stress for the crack to initial, as the crack is ~ 24° to the loading direction. The strain where the
first crack is found under quasi-static loading is apparently larger than under dynamic loading.

Figure 5.8 Quasi-static deformation of a cylindrical 3D printed sandstone specimen: (a) stress
strain curve from 0.001/s comparing to 110/s, (b) approximate lateral strain mapping of the
deformed specimen at 0.16, 0.17 and 0.18 nominal strain using digital image correlation.
Figure 5.9 shows the in-situ tomography reconstruction for the ring-shaped specimen and the
dumbbell-shaped specimen. It can be found that the ring-shaped specimen also breaks from the
specimen-bar interface (similar to cylindrical specimen), and the dumbbell-shaped specimen
breaks from the center (gauge section).
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Figure 5.9 In-situ tomography reconstruction of ring-shaped and dumbbell-shaped 3D printed
sandstone specimens.
5.5

Summary

In this section, dynamic uniaxial compression on 3D printed sandstone were conducted to examine
the mechanical responses and failure mechanisms. The specimen exhibits brittle behavior under
~100/s strain rate loading. It is found that the adhesive infiltrant coated layer thickness apparently
influences the mechanical behaviors. The specimen with higher percentage of coated layer has a
higher dynamic compressive strength. Using in-situ flash X-ray tomography, the cylindrical and
ring-shaped specimens are found to fracture leading by cracks initialed near specimen-bar interface
under dynamic loading. The dumbbell-shaped specimen is found to fracture from its gauge section.
For cylindrical specimen, it appears such cracks separate the infiltrant coated layer from the main
body. On the other hand, the specimen under quasi-static loading exhibits ductile behavior, where
the first crack initialed from the center of the specimen.
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LIMITATIONS AND FUTURE WORKS

From chapter 3-5, it can be found that the flash X-ray tomography is limited to reconstruct the
volume with limited number of features (or cracks). For a dense dataset with sufficient featuresignal-to-noise ratio, it is capable to clearly define at least two cracks, if the crack directions
roughly align with any of the X-ray beams (such as the plate-ball compression of aventurine
spheres and indentation of machinable ceramics). In the case of the crack does not perfectly aligns
with the X-ray beam but the feature still have enough signal-to-noise ratio, the reconstruction
normalizing the deformed specimen projection with the corresponding un-deformed state can
apparently improve the reconstruction quality. However, such normalizing would magnify the
noise since the input is the difference between two images with random noise. Thus, for the
features with low signal-to-noise ratio (such as the low attenuation chalk or the crack/void which
size is small in all directions), it seems that the only way to achieve a reasonable reconstruction is
to reduce the noise.

Figure 6.1 Projection noise as a function of signal strength for intraoral PSP and NDT PSPs: (a)
standard deviation of a uniform background vs mean signal strength, and (b) noise ratio vs mean
signal strength.
To reduce the noise, using higher intensity and a different type of PSP are proposed. It is found
that a higher signal strength leads to lower noise ratio (as shown in Figure 6.1). In current research,
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the noise ratio for the white background (incoming X-ray without attenuation) is about 6-8%. By
adopting NDT PSP films, the corresponding white background noise ratio can reduce to 3-4%.

However, the NDT PSP has a larger size and large bending radius. The NDT PSP might have an
apparent curvature when assembled to the existing imaging detector fixture (Figure 2.5(b)). A new
fixture needs to be designed and the reconstruction algorithm needs to be modified to suit fanbeam application instead of parallel-beam. What’s more, relocating the X-ray source closer would
also improve the signal strength, which might also need a fan-beam based algorithm. Decreasing
the source-specimen distance, on the other hand, might increase the geometric unsharpness (more
blur).
Currently, the number of projections is limited to 4. As mentioned in chapter 2, higher number of
projections leads to improved reconstruction quality. However, higher number of projections
means a longer detector-specimen distance, for the detectors not in interference. To maintain a
similar geometric unsharpness, one needs to put the X-ray source far away, which contradicts the
requirement of high signal-to-noise ratio. The author suspects there exists an optimum combination
of signal-to-noise ratio, geometric unsharpness and number of projections, which can be a part of
future work.
It is noted the current reconstruction algorithm of ART does not involve any regularization. By
considering the noise model (Figure 6.1) and applying the edges and boundary penalization of the
reconstructed volume, future improvements can be made. The regularization can be applied by
adding additional term in the algorithm to form a constrained optimization problem, where the
algorithm minimizes the difference between the simulated projections from reconstructed volume
and the experimental projections (𝑅𝑖 − 𝑅𝑖𝑞 in Equation 2.5) plus a prior term. An example of the
prior term can to penalize the greyscale difference between neighboring voxels. Some advanced
reconstruction algorithms can also be adopted, such as thresholded sparse object reconstruction
[54] to further improve the reconstruction by normalizing the deformed projection with the undeformed state, and soft discrete algebraic reconstruction technique [55] by assuming the
reconstructed voxel can only be few discrete values for the dense dataset. For the application of
typical Kolsky bar experiments, discrete reconstruction is promising since the dataset is dense.
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CONCLUSIONS

In this dissertation, Kolsky bar flash X-ray tomography methodology was developed to capture
snapshots of the dynamic in-situ 3D specimen volume information. The 4-channel flash X-ray
tomography experimental setup is built for (1) precise and repeatable control over the loading
history of the specimen and the X-ray projection time, thus a correlation between the stressstrain/force-displacement response and the reconstructed volume can be clearly defined; and (2)
low geometric unsharpness (0.15 mm) to improve reconstruction resolution by placing intraoral
size PSP detectors close to the specimen without interference from unnecessary exposures.
Image processing techniques was developed to transform raw 2D projection images to 3D
tomography reconstructions. Alignment of the images was performed by aligning the Kolsky bars
in the image after edge detection. Dark current was measured for each experiment and imposed to
the reconstruction log input. The log inputs with and without the normalization to the un-deformed
state were used. In some dense dataset scenarios, the method with un-deformed state normalization
outperforms the method without normalization. Algebraic Reconstruction Technique was used to
iteratively update the reconstruction, since it reduces the number of artifacts comparing to Radontransformation-based algorithms, especially when the number of projections is limited to 4.
Three static phantom reconstructions and three sets of preliminary experiments were conducted to
verify the method and explore the application range. The result from phantoms shows the image
processing inputs are correct and the relative locations of X-ray beams, specimen and PSP
detectors are within the tolerance. The result from preliminary experiments implies that a good
tomography reconstruction requires a reasonable specimen log attenuation for a sufficient featuresignal-to-noise ratio and a small number of cracks inside the specimen for reduced artifacts.
To apply the developed techniques, dynamic spheroconical indentation experiments on two types
of machinable ceramics (Macor and M/M) and uniaxial compression on 3D printed sandstone
around 100/s strain rate were conducted to examine the mechanical responses and failure
mechanisms. The in-situ tomography reconstructions show that the Macor specimen breaks due to
two major cracks - one parallel and the other oblique to the loading direction, while the M/M
specimen fractures due to only one major crack parallel to the loading. Such finding matches with
the cross-sectional microstructure images, which show that the Macor particle is randomized
distributed, while the M/M particle is highly directional. The adhesive infiltrant coated layer in 3D
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printed sandstone apparently influences its mechanical behaviors: the specimen with higher
percentage of coated layer has higher strength. Under dynamic loading, the 3D printed sandstone
exhibits brittle behavior, and the images show the cylindrical specimen fractures due to cracks
initialed near specimen-bar interface. Under quasi-static loading, however, the sandstone exhibits
ductile behavior, and the crack is initialed from the center of the specimen. Based on the
reconstruction results, the flash X-ray tomography is currently limited to visualize specimens with
few number of features, where such features need to have sufficient signal-to-noise ratio to the
neighboring in at least one 2D projection. Several possible improvement methods (reducing the
2D projection noise, increasing number of projections, and using regularization-based
reconstruction algorithms) are also discussed.
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